ABSTRACT Two broiler experiments were conducted to assess the relative bioefficacy of liquid DL-Met hydroxy analog-free acid (MHA-FA) and DL-Met (DLM). Exponential regression analysis was used to determine biological efficacy based on body weight, feed conversion, and carcass responses to dietary Met source. In Trial 1, four graded inclusion levels of DLM and liquid MHA-FA (0.06, 0.12, 0.18, and 0.24%) were each added to a basal diet that met the nutrient and energy requirements of broiler chickens, with the exception of Met + Cys. In four additional treatments, diluted DLM (65%) was added at the same supplementation levels as pure DLM and liquid MHA-FA. In the 42-d trial, broilers responded significantly (P < 0.05) to the supplements. Regression analysis revealed that liquid MHA-FA was 68% (weight gain),
INTRODUCTION
Methionine is a limiting amino acid in commercial poultry diets and is commonly supplemented as dry DLMet (DLM; 99% pure) or as liquid DLM hydroxy analogfree acid (MHA-FA, containing 88% of active substance). There is an ongoing discussion in the literature regarding the relative bioefficacy of MHA-FA and DLM (Thomas et al., 1991; Van Weerden et al., 1992; Esteve-Garcia and Austic, 1993; Huyghebaert, 1993; Rostagno and Barbosa, 1995; Schutte and de Jong, 1996; Esteve-Garcia and Llaurado, 1997; Wallis, 1999) . Additionally, the correct statistical approach to evaluate the bioefficacy of different sources of essential nutrients has been a matter of debate. According to Littell et al. (1997) , standardization of the statistical analyses would make comparisons of various 2002 Poultry Science Association, Inc. Received for publication September 1, 2001 . Accepted for publication January 25, 2002. 1 Presented in part at the 12th European Symposium on Poultry Nutrition, WPSA, August 1999, Veldhoven, The Netherlands; and at the 21st WPSA Congress, August 2000, Montreal, Canada. 2 To whom correspondence should be addressed: dirk.hoehler@ degussa.com.
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67% (feed conversion), 62% (carcass yield), and 64% (breast meat yield) as efficacious as pure DLM on an asfed basis. Responses to liquid MHA-FA and diluted DLM were very similar at corresponding supplementation levels. Diluted DLM as an internal standard confirmed that exponential regression analysis was a statistically valid technique for determination of the relative efficacy of nutrient sources. In Trial 2, five graded inclusion levels of each DLM (0.040, 0.091, 0.152, 0.222, and 0.303%) and liquid 0.102, 0.170, 0.250, and 0.350%) were added to a basal diet limiting in Met + Cys but adequate in all other nutrients and energy. Liquid MHA-FA was 72% (weight gain), 51% (feed conversion), 48% (carcass yield), and 60% (breast yield) as efficacious as DLM on a weight-for-weight basis. nutrient sources among different experiments easier and more precise. Depending on the data structure of the respective dose-response trial, relative bioefficacy estimates can be obtained by slope-ratio and parallel line assays (linear response) or by nonlinear models. These models can be used for estimation of comparative bioefficacy or bioavailability of nutrients, such as phosphorus (Potter, 1988; Potter et al., 1995; Fernandes et al., 1999) , iron (Boling et al., 1998) , or copper (Guo et al., 2001 ) in feed ingredients.
The objective of the present studies was to determine the relative effectiveness of DLM and MHA-FA in wheatsorghum-or corn-based diets formulated to be limiting in Met + Cys. In addition, the suitability of the exponential regression method was assessed for bioefficacy determination based on growth and carcass parameters in broiler chickens.
MATERIALS AND METHODS
Trial 1 was conducted at the Queensland Poultry Research and Development Centre (QPRDC) in Australia.
Abbreviation Key: DLM = DL-Met; MHA-FA = DL-Met hydroxy analog-free acid; QPRDC = Queensland Poultry Research and Development Center. Tables 1 to 3) diets. Both test supplements were purchased locally by QPRDC, and analyses by bromatometric titration method verified contents of 99.7 and 88.6% active substance in DLM and liquid MHA-FA, respectively. In four additional treatments, DLM, which was diluted with glucose to a Met content of 65%, was added at the same levels as pure DLM. The supplemented levels were confirmed by analysis. In this trial, a biological effectiveness of 65% could be assumed a priori for diluted DLM relative to undiluted. Thus, these treatments can be regarded as an internal standard to check the validity of exponential regression analysis. The degree of dilution was chosen, as recent literature (Thomas et al., 1991; Van Weerden et al, 1992; Esteve-Garcia and Austic, 1993; Huyghebaert, 1993; Rostagno and Barbosa, 1995; Schutte and de Jong, 1996; Esteve-Garcia and Llaurado, 1997; Wallis, 1999) suggests an average relative effectiveness of liquid MHA-FA compared to DLM of 65%. The basal diet was formulated according to commercial conditions in Australia, and it was adequate in energy and all nutrients except Met + Cys. The Met + Cys contents of the basal starter, grower, and finisher diets were 0.64, 0.61, and 0.62%, respectively. A total of 2,600 male 1-d-old Ross × Ross broilers was allotted to 13 treatments, each consisting of five replicates, i.e., 200 birds per treatment. Broilers were housed in floor pens for 42 d. Pelleted feed and water were supplied ad libitum. Temperature and lighting were according to practice in local commercial operations. Feed intake, weight gain, and feed conversion were determined on all birds, whereas carcass and breast meat yield (boneless and skin off) was determined on five birds per pen (25 birds per treatment).
Trial 2 was conducted at Shur-Gain Agresearch in Canada. Five graded inclusion levels of DLM (Treatments 2 to 6) or liquid MHA-FA 5 (Treatments 7 to 11) were added to basal starter and grower diets (Treatment 1). The corresponding supplementation levels of DLM and MHA-FA were based on an MHA-FA content of 88% in the commercial product (Table 4) . However, regression analysis was performed on product-to-product basis. ShurGain Agresearch purchased the test supplements DLM and liquid MHA-FA locally. The dietary concentrations of either DLM or MHA-FA were confirmed by analysis.
The corn-soybean-meal-based starter diet (Days 1 to 21) and grower diet (Days 22 to 42) were limiting in Met + Cys but adequate in all other nutrients and energy (NRC, 1994 ; Tables 5 and 6 ). The Met + Cys content was 0.72% in the starter and 0.62% in the grower diet. A total of 2,400 male and 2,400 female day-old Ross × Ross broiler chickens was allotted to 11 treatments, each comprising eight pens with 50 birds each. Five birds per pen were randomly selected for determination of carcass and breast (including bone and skin) weights. The basal diet was fed to 16 pens with 50 birds each. The birds were housed in floor pens. Feed and water were supplied ad libitum. Both experiments were conducted in accordance with local animal care guides.
In both experiments, protein bound and supplemented amino acids of both ingredients, and experimental diets were determined according to Llames and Fontaine (1994) . Supplemented liquid MHA-FA was analyzed by the method described by Naumann et al. (1997) .
Nonlinear regression was carried out on the parameters growth performance, feed conversion, carcass yield, and breast meat yield. In both trials, the biological effectiveness of liquid MHA-FA relative to DLM was determined. The pen mean was considered the experimental unit for all statistical analyses. A nonlinear exponential model was used to estimate the efficacy of liquid MHA-FA and diluted DLM relative to pure DLM (Trial 1) or of liquid MHA-FA relative to pure DLM (Trial 2). The general linear models procedure (PROC GLM) in SAS/STAT software (1989) was applied, fitting the following nonlinear equation:
where y = performance criterion (weight gain, feed conversion, breast meat yield), a = intercept (animal performance with basal diet), b = asymptotic response, a + b = common asymptote (maximum performance level), c 1 = steepness coefficient for pure DLM, c 2 = steepness coefficient for diluted DLM (only Trial 1), c 3 = steepness coefficient for liquid MHA-FA, and x 1 , x 2 , x 3 = dietary level of pure DLM, diluted DLM (only Trial 1), and liquid MHA-FA, respectively. According to Littell et al. (1997) , bioefficacy values for diluted DLM and liquid MHA-FA relative to DLM are given by the ratios of regression coefficients; B 4 /B 3 = diluted DLM, and B 5 /B 3 = liquid MHA-FA. Based on a liquid MHA-FA content of 88% in the commercial product. Means ± SD in a column with no common superscript differ significantly (P < 0.05).
1 DLM = DL-Met, diluted DLM = diluted DL-Met (65%), liquid MHA-FA = liquid Met hydroxy analog-free acid. 
RESULTS
Total mortalities over the 42-d periods were 1.7% (45 chicks of 2,600 total) and 4.0% (194 chicks of 4,800 total) in Trials 1 and 2, respectively. Mortality was not significantly (P > 0.05) affected by treatment in either study.
Trial 1 (QPRDC, Australia)
As indicated by the performance data (Table 7 ) and the regression curves (Figure 1) , the broiler chickens responded significantly (P < 0.05) to all three supplements. Birds fed the basal diets deficient in Met + Cys achieved a performance of merely 1,514 g for weight gain, 2.487 kg/kg for feed conversion, 65.7% carcass yield, and 12.7% breast meat yield (Table 7) . The respective asymptotic responses were +981 g, −0.647 kg/kg, +3.9%, and +4.7%, demonstrating an improvement of 65% for weight gain, 26% for feed conversion, 6% for carcass yield, and 37% for breast meat yield (as percentage of live weight) due to supplementation of the products (Figure 1 ). There was also a clear performance response (weight gain, feed conversion) to the supplemental Met sources within each grow-out period (starter, grower, finisher; data not shown). The overall dose-response consistently followed the law of diminishing returns so that the additional benefit became smaller with each further unit of supplementation. Moreover, experimental data confirmed that the products were tested within the sensitive range. Thus, exponential regression analysis was the appropriate method. The results revealed that responses (slope of the curves) to supplemented liquid MHA-FA and diluted DLM were very similar, and both differed significantly (P < 0.05) from the response to pure DLM. Furthermore, the relative effectiveness of liquid MHA-FA was also significantly lower than 88%, the content of active substance in liquid MHA-FA. Diluted DLM can be regarded as an internal standard to check the validity of regression analysis for determination of the relative bioefficacy of two sources of a limiting essential nutrient. In order to reach the same performance level, liquid MHA-FA was only 68% (weight gain), 67% (feed conversion), 62% (carcass yield), and 64% (breast meat yield) as efficacious as pure DLM. The relative effectiveness for weight gain, feed conversion, and breast meat yield were statistically significant, whereas the determined figure for carcass yield was not significant. It should be pointed out that the overall variability of the data was very low (compare Table 7 ) and that the calculated relative effectiveness of the different Met sources were consistent across the three measured performance criteria.
Trial 2 (Shur-Gain Agresearch, Canada)
Similar to Trial 1, broiler chickens responded significantly to DLM and liquid MHA-FA supplementation. Birds fed the basal diet achieved an average weight gain of 1,766 g, feed conversion ratio of 1.940 kg/kg, carcass yield of 67.5%, and breast yield of 24.6% (Table 8) , whereas maximum responses (improvements) for these Means ± SD in a column with no common superscript differ significantly (P < 0.05).
1 DLM = DL-Met, liquid MHA-FA = liquid Met hydroxy analog-free acid.
criteria were 2,064 g (+17%), 1.709 kg/kg (−12%), 70.5% (+4.5%), and 28.4% (+15%), respectively ( Figure 2) . Again, the effect of graded levels of DLM or liquid MHA-FA followed a nonlinear response, and the data met the requirements for exponential regression analysis (clear response, covering the sensitive range, sufficient number of graded levels, and sufficient number of replications and birds). The corresponding relative effectiveness of liquid MHA-FA compared to DLM was 72% for weight gain, 51% for feed conversion ratio, 48% for dressing percentage, and 60% for breast yield on a product-to- product basis (Figure 2 ). The differences in feed conversion, carcass yield (% of body weight), and breast yield (% of live weight) were statistically significant (P < 0.05), whereas the difference in weight gain was not significant. In this trial, breast weights included bone and skin, which explains the higher values in percentage of live weight as compared with Trial 1 (Table 8) .
In the present study, bioefficacy values were determined by regressing performance criteria versus supplemental dietary concentrations of the Met sources. Additionally, the data of both trials were also analyzed by using supplemental intake of the respective Met source instead of dietary concentration (data not shown). The results obtained with calculating bioefficacies based on supplemental intake figures were very similar or exactly the same as the results presented based on dietary concentrations.
DISCUSSION
Numerous studies have been conducted to compare the efficacy of DLM and liquid MHA-FA. The results of several of these studies have been inconclusive or seemed to be inconsistent due to differences in bird age, length of trial, or degree of Met + Cys deficiency and mainly due to a lack of sensitivity of the respective bioassays. When comparing bioavailability of any essential nutrient, one can only expect to detect differences when the basal diet is clearly deficient in the nutrient to be tested (Huyghebaert, 1993) . Additionally, appropriate statistical methods such as simultaneous nonlinear regression analysis (Littell et al., 1997) must be used to interpret the results in a way that gives an unbiased quantitative estimate of the relative effectiveness of a test substance as compared to a reference.
In Trial 1, four dietary treatments with diluted DLM (65%) were included as internal standard to check the validity of regression analysis as well as bioefficacy of liquid MHA-FA. Diluted DLM contained 65% Met, thus the relative effectiveness of diluted DLM compared to pure DLM was known before the experiment started or could be estimated a priori. The a posteriori determined bioeffectiveness of the diluted DLM treatments compared to pure DLM ranged from 57% (feed conversion) to 69% (breast yield) and was not significantly different from 65%. Exponential regression analysis was hence confirmed to be a statistically valid tool in the present study. The 95% confidence intervals for the relative bioeffectiveness of diluted DLM (65%) and liquid MHA-FA were relatively low, indicating that the curves fit well to the respective data sets.
The present data consistently demonstrated that bioefficacy of liquid MHA-FA relative to DLM was, on average, 62% on a weight-to-weight basis, which is very close to 65%. In Trial 2, the supplemented levels of DLM and liquid MHA-FA were adjusted on an equimolar basis, i.e., the corresponding supplemented levels of DLM (Treatments 2 to 6) and liquid MHA-FA (Treatments 7 to 11) were based on a MHA-FA content of 88% in the commercial product. To compare the two trials, regression analysis was conducted on a weight-to-weight basis (Figure 2) .
Breast meat deposition was a very sensitive criterion for assessment of bioeffectiveness of Met sources. The estimated relative bioefficacy value for liquid MHA-FA relative to pure DLM was very consistent for both trials, i.e., 64 and 60% for Trials 1 and 2, respectively. In both cases, the figures were smaller compared to the respective values based on weight gain. This finding might be important because the economic significance of breast meat has grown during the past few years. The percentage of birds processed for the deboning and tray pack markets has been increasing constantly.
The estimated bioeffectiveness of liquid MHA-FA in both trials is in agreement with recent studies that provided data appropriate for exponential or slope ratio regression analysis in broiler chicks (Thomas et al., 1991; Van Weerden et al., 1992; Esteve-Garcia and Austic, 1993; Huyghebaert, 1993; Rostagno and Barbosa, 1995; Schutte and de Jong, 1996; Esteve-Garcia and Llaurado, 1997; Wallis, 1999) . The average relative effectiveness of liquid MHA-FA compared to DLM reported in these studies was 69% for weight gain (n = 10 figures reported in the mentioned literature), 64% for feed conversion (n = 8), and 60% for breast meat yield (n = 3). In terms of feed cost per kilogram of breast meat, the bioeffectiveness was estimated to be 62% (n = 2).
The present studies were conducted with commercial ingredients typical of the local geographic areas: a sorghum-wheat-soybean diet in Trial 1, Australia; and a corn-soybean diet in Trial 2, Canada. The relative effectiveness of liquid MHA-FA compared to DLM was not affected by basal diet (wheat-sorghum or corn based).
Questions remain regarding the physiological reasons for incomplete use of the hydroxy analog. Several studies with broilers using radiolabeled Met sources indicated a significantly lower absorption of the hydroxy analog compared to Met (Lingens and Molnar, 1996; Maenz and Engele-Schaan, 1996b) . In agreement with Esteve-Garcia and Austic (1993), Maenz and Engele-Schaan (1996b) concluded that there is a substantial conversion of dietary MHA-FA, during passage through the small intestine, to compounds that cannot be used as a source of Met by the bird, which might be due to degradation of a substantial fraction of the hydroxy analog by microbial fermentation during passage through the small intestine (Lemme et al., 2001) . Moreover, earlier studies performed by Saunderson (1991) provide strong evidence that the oligomers of liquid MHA-FA are poorly absorbed. Van Weerden et al. (1992) showed a significantly lower relative effectiveness of MHA oligomers compared to the commercial product mix of mono-, di-, and oligomers, which in turn was 66% as efficacious as DLM. Furthermore, both products are absorbed by specific active absorption mechanisms, whereas absorption by simple diffusion is negligible (Maenz and Engele-Schaan, 1996a,b) . There is evidence that the mechanism responsible for uptake of the DL-MHA molecules is less efficient than that for DLM uptake (Maenz and Engele-Schaan, 1996a ). Finally, it should be kept in mind that the hydroxy analog molecules have to be converted to Met before intermediate use and incorporation into body protein (Saunderson, 1991) .
In conclusion, the average relative effectiveness of liquid MHA-FA compared to DLM was 62% for the present experiments and was thus considerably lower than 88%. This result was derived from two trials and was based on growth, feed efficiency, and carcass parameters. The results of the first experiment suggested that simultaneous exponential regression analysis was a valid statistical approach for determination of relative bioefficacy of nutrient sources.
